CD34
+ bone marrow blasts from high-risk myelodysplastic syndrome (MDS) patients as well as MDS patientderived cell lines (P39 and MOLM13) constitutively activate the nuclear factor-jB (NF-jB) pathway and undergo apoptosis when NF-jB is inhibited. Here, we show that the combination of conventional chemotherapeutic agents (daunorubicin, mitoxantrone, 5-azacytidine or camptothecin) with the NF-jB inhibitor BAY11-7082 did not yield a synergistic cytotoxicity. In contrast, BAY11-7082 (which targets the NF-jB-activating I-jB kinase (IKK) complex) or knockdown of essential components of the NF-jB system (such as the IKK1 and IKK2 subunits of the IKK complex and the p65 subunit of NF-jB), by small interfering RNAs sensitized MDS cell lines to starvation-induced apoptosis. The combination of BAY11-7082 and nutrient depletion synergistically killed the acute myeloid leukemia (AML) cell line U937 as well as primary CD34 + bone marrow blasts from AML and high-risk MDS patients. The synergistic killing by BAY11-7082, combined with nutrient depletion, led to cell death accompanied by all hallmarks of apoptosis, including an early loss of the mitochondrial transmembrane potential, the release of cytochrome c and apoptosisinducing factor (AIF) from mitochondria, activation of caspase-3, phosphatidylserine exposure on the plasma membrane surface and nuclear chromatin condensation. Transmission electron microscopy revealed the presence of numerous autophagic vacuoles in the cytoplasm before cells underwent nuclear apoptosis. Nonetheless, cell death was neither inhibited by the pan-caspase inhibitor z-VAD-fmk nor by knockdown of AIF or of essential components of the autophagy pathway (ATG5, ATG6/ Beclin-1, ATG10, ATG12). In contrast, external supply of glucose, insulin or insulin-like growth factor-I could retard the cell death induced by BAY11-7082 combined with starvation. These results suggest that in MDS cells, NF-jB inhibition can precipitate a bioenergetic crisis
Introduction
The molecular control of cell death constitutes a dual conundrum for oncology. On the one hand, cancer cells develop resistance against cell death induced by adverse conditions such as hypoxia, acidosis, the absence of trophic support or the presence of inhibitory factors (Hanahan and Weinberg, 2000) . On the other hand, most of the weapons in the oncologist's armamentarium are designed to induce cancer cell death, meaning that the acquired resistance of tumor cells against lethal stimuli eventually seals the patient's fate (Igney and Krammer, 2002) .
Cell death can result from distinct processes, namely type 1 cell death (apoptosis) and type 2 cell death (autophagy) . Apoptosis is defined as cell death accompanied by a stereotyped pattern of morphological alterations, in particular nuclear condensation (pyknosis) and fragmentation (karyorhexis). Although caspases are required for the acquisition of the full-blown apoptotic phenotype, their contribution to lethal signaling is debated, and most dead cells that cumulate in apoptosis are not prevented when caspase activation is suppressed by addition of chemical caspase inhibitors (Chipuk and Green, 2005; Kroemer and Martin, 2005) . Caspase-independent death effectors, including apoptosis-inducing factor (AIF), have been accused of mediating so-called caspase-independent cell death (Modjtahedi et al., 2006) . Type 2 cell death is characterized by the accumulation of autophagic vacuoles in the cytoplasm surrounding a normal nucleus (Kroemer and Jaattela, 2005) . Although there are a few examples in which autophagy contributes to cell death (Shimizu et al., 2004; Yu et al., 2004) , in most cases interventions designed to suppress autophagy do not prevent type 2 cell death, suggesting that this death modality occurs with, but not through, autophagy (Kroemer and Jaattela, 2005) . In many paradigms, autophagy actually constitutes a mechanism of adaptation to nutrient stress (in which case autophagy allows macromolecules to catabolize, to generate ATP and other building blocks of biogenesis) or to organelle stress (in which damaged organelles are removed by the autophagic machinery) (Shintani and Klionsky, 2004; Levine and Yuan, 2005) . Moreover, cell death that has initially adopted a type 2 morphology may switch to type 1 at a late stage of the process, in a caspasedependent fashion (Martin and Baehrecke, 2004; Gonzalez-Polo et al., 2005) .
Nuclear factor-kB (NF-kB) is a prominent transcription factor that is frequently upregulated in cancer and that inhibits cell death (Karin et al., 2004; Israel and Kroemer, 2006) . Although little is known about the impact of NF-kB on autophagy, it is clear that NF-kB can upregulate a plethora of apoptosis-inhibitory gene products. Recently, we have found that NF-kB may play an important role in the switch of myelodysplastic syndrome (MDS) from a pre-neoplastic to a neoplastic condition. Indeed, low-risk MDS is characterized by the expansion of mutated hematopoietic stem cells (which are CD34 þ ) in the bone marrow that fail to differentiate correctly and rather undergo premature apoptosis (Fenaux, 2005) . These low-risk MDS CD34
þ bone marrow cells show no signs of NF-kB activation. However, CD34
þ bone marrow cells from high-risk MDS (which eventually transform into acute myeloid leukemia (AML)), combine a blockage in differentiation with a resistance against apoptosis. Such high-risk MDS CD34
þ bone marrow cells not only exhibit a Figure 1 BAY11-7082-mediated sensitization of P39 cells to starvation-induced cell death, determined at the mitochondrial level. P39 cells were cultured in complete RPMI 1640 medium in the presence of 10% FCS (control); starvation (that is nutrient-and serum-free) medium, in the absence or presence of BAY11-7082 (5 mM) and/or z-VAD-fmk (100 mM) for 12 h, followed by simultaneous staining with the DC m -sensitive fluorochrome DiOC 6 (3) and the vital dye PI. Representative FACS diagrams are shown in (a), and quantitative data (means of three independent experiments7s.d.) are shown in (b) for different BAY11-7082 concentrations (2.5 or 5 mM). All results are representative of at least three independent determinations. Note that the pan-caspase inhibitor z-VAD-fmk (100 mM), added to the medium 1 h before BAY11-7082, had no cell death-inhibitory effects.
constitutive NF-kB activation but, moreover, critically depend on this NF-kB activation, as demonstrated by the fact that its inhibition causes their immediate apoptosis (Carvalho et al., 2006; Braun et al., 2006b) . Very similar data have been reported on AML, irrespective of the etiology of the disease (which may be primary, post-MDS or secondary to chemotherapy of other malignancies). CD34 þ cells from AML patients exhibit constitutive NF-kB activation and die when NF-kB is inhibited (Guzman et al., 2001; Birkenkamp et al., 2004) .
The NF-kB pathway can be targeted indirectly by agents that inhibit the proteasome (such as bortezomib) (Mani and Gelmann, 2005; Rajkumar et al., 2005) and that increase the cytosolic concentration of the inhibitor of NF-kB (I-kB), or more specifically by antagonists of the NF-kB activating kinase complex (the so-called I-kB kinase, IKK) (Karin et al., 2004) . Using a specific inhibitor of IKK, BAY11-7082, we addressed the question as to whether NF-kB inhibition may be used to sensitize MDS cells to cell death induction.
As shown here, BAY11-7082 enhances cell death of MDS cells that are depleted from nutrients, and this cell death pathway exhibits characteristics of type 1 and type 2 cell death.
Results and discussion
NF-kB inhibition sensitizes to starvation-induced cell death The myelomonocytic P39 cell line, which has been derived from the bone marrow of an MDS/AML patient (Nagai et al., 1984) , exhibits constitutive NF-kB activation, accompanied by the nuclear translocation of the NF-kB subunit p65 (Braun et al., 2006a) . Addition of BAY11-7082, an inhibitor of IKK1 (Engedal and Blomhoff, 2003) that potently inhibits NF-kB activation in P39 cells (Braun et al., 2006a) , sensitized P39 cells to the induction of cell death by starvation, that is culture in serum and nutrientfree conditions. Within the time frame that we chose, indicating that it occurred in a caspase-independent fashion. However, cell death induced by the combination of BAY11-7082 and starvation exhibited typical features of apoptosis with advanced chromatin condensation and karyorhexis, as determined by transmission electron microscopy ( Figure 4a ). In spite of the fact that z-VAD-fmk prevented full-blown chromatin condensation (Figure 4b ), it failed to preserve the plasma membrane integrity of cells succumbing to the combination of BAY11-7082 plus starvation (Figures 1-3 ). This indicates that the apoptotic morphology depended on caspase activation, whereas cell death occurred in a caspase-independent fashion. The combination of BAY11-7082 and nutrient depletion also exerted synergistic cytotoxic effects on primary CD34 þ bone marrow cells from high-risk MDS and AML patients, yet had much less effects on CD34 NF-jB-dependent sensitization to starvation C Fabre et al in Figure 5 . Again, this combined cytotoxic effect was not inhibited by z-VAD-fmk ( Figure 5 ). In view of the possibility that the kinase inhibitor BAY11-7082 might exert nonspecific or off-target effects, we performed a series of experiments in which the NF-kB system was inhibited by small interfering RNAs (siRNAs) targeting the NF-kB subunit p65 or the catalytic subunit of the IKK complex, IKK1 and/or IKK2. Shortly (24 h) after transfection with these siRNAs (but not with a siRNA that targets the functionally irrelevant emerin mRNA), P39 cells were more susceptible to starvation-induced death than control cells (note the effect on the delta between culture in rich medium versus starvation for the different transfectants in Figure 6a ). However, inhibition of the NF-kB pathway killed P39 cells alone, especially at later (48 h) time points (Figure 6b ), in line with our published results (Braun et al., 2006a ).
These results demonstrate the possibility of sensitizing MDS/AML cell lines to starvation-induced, caspase-independent killing by inhibiting the NF-kB pathway.
Failure of NF-kB inhibition to sensitize to chemotherapy-induced death High-risk MDS and AML are treated by a number of different chemotherapeutic agents, in particular anthracyclins (such as daunorubicin and mitoxantrone) (Dombret et al., 2002) , the topoisomerase I inhibitors (such as camptothecin) (Ribrag et al., 2003) and more recently with the DNA methylation inhibitor 5-azacytidine (Silverman and Mufti, 2005) . NF-kB inhibition can enhance the susceptibility of a variety of epithelial and hematopoietic malignancies to chemotherapy-induced cell death (Karin et al., 2004; Luo et al., 2005 ; þ cells were purified from bone marrow aspirates and cultured in conditions of IKK inhibition (5 mM BAY11-7082), nutrient depletion and/or caspase inhibition (100 mM z-VAD-fmk), followed by staining with Annexin V-FITC and PI to determine the frequency of dying Braun et al., 2006b) . Therefore, we investigated the possibility of sensitizing P39 cells to chemotherapeutic agents by inhibiting IKK with BAY11-7082. P39 cells were incubated with increasing concentrations of daunorubicin, mitoxantrone (Figure 7a ), 5-azacytidine or camptothecin (Figure 7b ), alone or in combination with 5 mM BAY11-7082. This dose of BAY11-7082 strongly sensitized to starvation-induced apoptosis in parallel experiments (Figures 1-3) , and was sufficient to kill 20-40% of the cells (Figure 7a and b) . However, there was no synergism between chemotherapy and IKK inhibition at any of the time points investigated (6-48 h). Thus, the cooperative killing effect for NF-kB inhibition plus starvation (Figures 1-6 ) is unique thus far in that it cannot be extrapolated to standard chemotherapy regimens.
Mechanisms of starvation-induced death of NF-kB-inhibited cells
To obtain some mechanistic insights into the synergistic killing induced by BAY11-7082 plus starvation, we investigated the culture conditions required for this effect. Addition of fetal calf serum (FCS) greatly attenuated the effect of the otherwise lethal combination (BAY11-7082 plus starvation). This death-inhibitory effect of FCS was further enhanced by addition of insulin-like growth factor-I and insulin. This result was obtained both in P39 MDS cells (Figure 8a ) and in U937 AML cells (Figure 8b ). These data suggest that the absence of trophic factors is co-responsible for cell death induction by starvation plus BAY11-7082. We also wondered whether the absence of energy supply might seal the cell's fate in this system, in particular because dialysed serum lost its capacity to antagonize the lethal effects of BAY11-7082 (not shown). Supplementation of cultures maintained in BAY11-7082 plus Earle's balanced salt solution (EBSS) (starvation medium) with glucose partially reduced cell killing. In contrast, supplementation with high doses (5 mM) of pyruvate or methylpyruvate (a plasma membrane-permeable pyruvate derivative) had little, if any, cytoprotective effect on the system (Figure 8c ). These data suggest that a combination of energy depletion and lack of trophic factors account for the cytocidal activity of starvation plus BAY11-7082. As energy depletion is counteracted by autophagy (which allows for the catabolic generation of ATP), we investigated the impact of starvation, alone or together with BAY11-7082, on autophagy in P39 cells. In this cell line, transfection with the GFP-LC3 chimera was lethal (not shown), meaning that we had to rely on electron microscopy to quantify autophagic vacuolization. As expected, starvation alone induced autophagic vacuolization, whereas BAY11-7082 had little or no effect on autophagy. However, the combination of starvation and BAY11-7082 induced accelerated autophagic vacuolization, inducing the presence of both immature and mature autophagic vesicles (Figure 9 ). This enhanced autophagic vacuolization was observed in cells that bear nonapoptotic nuclei (Figure 9a ). In contrast, when cells acquire the apoptotic morphology, they are devoid of autophagic vacuoles, perhaps as a result of general cytoplasmic shrinkage (see above, Figure 4a ).
Cell death induced by the combination of BAY11-7082 plus starvation was accompanied by the activation of caspase-3, because a fraction of the cells stained positively with an antibody that recognizes active caspase-3 (Figure 10 ). However, cell death proceeded in a caspase-independent fashion (Figures 1-3) . We, therefore, investigated the role of mitochondria in the cell death process. The mitochondrial intermembrane proteins cytochrome c, endonuclease G and AIF usually colocalized with the mitochondrial matrix marker Hsp60 in a pole of the cytoplasm, in healthy normal P39 cells (Figure 10a, upper panels) . However, after starvation in the presence of BAY11-7082, cytochrome c, endonuclease G and AIF distributed diffusely in the entire cell including the nucleus (Figure 10a , lower NF-jB-dependent sensitization to starvation C Fabre et al panels, Figure 10b ), meaning that they had been released from mitochondria. Thus, mitochondrial outer membrane permeabilization ( Figure 10 ) and loss of the DC m (Figure 1 ) accompany cell death induced by starvation plus BAY11-7082. Next, we determined whether the inhibition of autophagy by targeting essential autophagy genes (ATG6/Beclin-1, ATG5, ATG10, ATG12) with small interfering RNAs (siRNA) would reduce cell killing by BAY11-7082 plus starvation. Transfection of cells with siRNAs that inhibit autophagy Gonzalez-Polo et al., 2005; Lum et al., 2005) and the depletion of essential ATG proteins (as shown for ATG6/Beclin-1, Figure 11a ) had no protective effect on cell death induction by BAY11-7082 plus starvation, even in the presence of z-VAD-fmk (Figure 11b) . Similarly, the knockdown of AIF (Figure 12a ) failed to abolish cell killing induced by BAY11-7082 plus starvation (Figure 12b ). These data suggest that cell death, induced by NF-kB inhibition plus starvation, cannot be explained by one single effector mechanism (such as AIF and/or caspase activation) and that it does not result from autophagy.
Concluding remarks
MDS continues to constitute a medical problem, especially for the aging population, with an incidence of >50/100 000 among individuals over 70 years. Unfortunately, there is no cure for MDS apart from allotransplantation, which is not a feasible therapeutic option in this age group, and the search for therapeutic agents is still in progress. The lack of synergistic deathinducing effects in MDS cell lines suggest that it would not be of advantage to combine chemotherapeutic agents that are already used in the treatment of MDS with NF-kB inhibitors (Figure 7) . Such inhibitors might, however, be used in monotherapy, and the results contained in this paper give some insights into the death-inducing action of NF-kB inhibitors. Starvation from nutrients sensitized MDS cells to the induction of apoptosis by NF-kB inhibitors such as BAY11-7082 (Figures 1-5 ) or siRNA-mediated depletion of IKK1, IKK2 or p65 (Figure 6 ). This cell death was apoptotic because it displayed chromatin condensation (Figure 4 ) as well as biochemical changes that classically accompany apoptosis (DC m dissipation in Figures 1 and 3) , NF-jB-dependent sensitization to starvation C Fabre et al phosphatidylserine exposure on the plasma membrane (Figures 2 and 3) , mitochondrial release of cytochrome c and AIF, as well as caspase-3 activation (Figure 10 ). However, inhibition of caspases (Figures 1-3) , knockdown of AIF (Figure 12 ) or a combination thereof (Figure 12 ) did not prevent cell death induction by BAY11-7082 plus starvation.
The combination of starvation and IKK inhibition by BAY11-7082 produced an atypical result, namely the accumulation of autophagic vacuoles (Figure 9 ). This accumulation was clearly seen before the cells manifested the ultrastructural features of apoptosis (Figure 9,  Figure 4) . A similar phenomenon, namely accumulation of autophagic vacuoles before the onset of apoptosis, has been described in other systems, particularly in cell death induction systems such as the salivary gland of the developing Drosophila melanogaster (Martin and Baehrecke, 2004; Akdemir et al., 2006) or the death of LAMP2-deficient human cancer cells and mouse fibroblasts . However, autophagy did not contribute to cell death because depletion of proteins that are essential for autophagy such as ATG5, ATG6/Beclin-1, ATG10 or ATG12 did not prevent cell death induced by BAY11-7082 plus starvation ( Figure 11 ). These results indicate that autophagy is not required for the induction of apoptosis and cell death in this system, in line with the general notion that autophagy is a stress response designed to maintain cellular homeostasis (and, in particular, ATP levels) in conditions of nutrient stress Gonzalez-Polo et al., 2005; Kroemer and Jaattela, 2005; Levine and Yuan, 2005; Lum et al., 2005) . Apparently, inhibition of NF-kB did not prevent autophagic vacuolization but rather enhanced this phenomenon (Figure 9 ), perhaps correlating with enhanced energetic demands or expenditure. Glucose and agents that enhance glucose transport (such as insulin and insulinlike growth factor) protect against cell death induced in these conditions, in line with the general idea that cellular bioenergetics determine the elevated autophagic response and subsequent cell death. To our knowledge, this is the fist time that NF-kB is involved in the regulation of energy metabolism. Future studies must address this link as well as its putative implication in MDS.
Materials and methods

Primary bone marrow cells
The diagnosis of MDS and AML was based on peripheral blood counts, as well as cytology of peripheral blood and bone marrow, according to the WHO classification. Bone marrow aspirates were obtained after informed consent using syringes containing media supplemented with ethylenediaminetetraacetic acid. The mononuclear cell fraction was isolated by density gradient centrifugation using Ficoll-Paque PLUS (Amersham Biosciences, Sunnyvale, CA, USA). CD34 þ cells were then isolated by positive selection with the MiniMacs s system (Miltenyi Biotec, Bergish Gladbach, Germany) following the manufacturer's instructions.
Cell lines and culture conditions
The high-risk MDS cell line P39/Tsugane (Nagai et al., 1984) (kindly provided by Dr Yoshida Takeda, Japan) was subjected to karyotypic and immunological analyses, comparing them with HL60 cells. In contrast to reports suggesting a NF-jB-dependent sensitization to starvation C Fabre et al contamination of P39 with HL60 (http://www.dsmz.de), our data indicate that P39 has a clearly distinctive phenotype. Karyotype of P39 cell line was obtained after 24 h culture in RPMI 1640 medium with 20% FCS with standard technique. Chromosome analysis was based on 10 R-banded metaphases, and the karyotype was described according to ISCN recommendations. P39 had pseudodiploid chromosome constitution with random abnormalities such as add(6q), add(8q), add(9p), del(9p) in the second chromosome 9, loss of normal chromosome 16 and non-random losses of autosomes and chromosomes 2, 3, 4, 10 and 17 changes. A representative karyotype of cell line could be: 46, XY, add(6)(q23), add(8)(q24), add(9)(p24), del(9)(p11), add(10)(p14), À16, þ mar. MOLM13 cells (Matsuo et al., 1997) were purchased from the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ). P39 and MOLM13 cells were cultured in RPMI 1640 (GibcoBRL Life Technologies, Carlsbad, CA, USA), supplemented with 10% heat-inactivated FCS, 2 mM L-glutamine (Eurobio, Courtaboeuf, France), 100 IU/ml penicillin and 100 g/ml streptomycin as described NF-jB-dependent sensitization to starvation C Fabre et al (Hassan et al., 1999; Braun et al., 2006a) . U937 AML cells were purchased from the ATCC. Cultures were maintained in a humidified atmosphere containing 5% CO 2 . Amino-acid starvation of cells was performed using serum-free EBSS medium (Sigma, Saint-Louis, MO, USA).
Reagents and cell death induction 10 5 P39 cells were resuspended in 1 ml of culture medium and incubated in the presence or absence of different cell death inducers. For caspase inhibition, z-VAD-fmk (Bachem, King of Prussia, PA, USA) was added at the same time as cell inducers at 100 mM. BAY11-7082 (Sigma, Saint-Louis, MO, USA) were used at 2.5 and 5 mM for 6 h. Cells were cultured in the presence of Pyruvate (Gibco), glucose (Sigma), methylpyruvate (Sigma), IGF-I (Sigma) and insulin (Sigma) at 5, 5, 5 mM, 10 ng/ml and 500 ng/ml, respectively. The following chemotherapeutic agents were employed in association with BAY11-7082: 5-azacytidine (Sigma) at 10, 25, 50 mM; camptothecin (Sigma) at 20, 30, 40 mM; mitoxantrone (Wyeth Lederle, Madison, NJ, USA) at 1, 2.5, 5 mg/ml and daunorubicin (Roger Bellon Laboratory, Paris, France) at 0.25, 0.5, 0.75 mM.
Transfection with small interfering RNAs (siRNAs) Cells were transiently transfected with the Nucleofactor system (Amaxa, Cologne, Germany) using siRNAs specific for emerin or scramble and NF-kB p65 (Upstate, Lake Placid, NY, USA) and sequenced p65 (duplex of 5 0 -rgrCrCrCUrAUrCrCrCU UUrArCrgUrCrATT-3 0 /5 0 -UrgrArCrgUrArArArgrgrgrAUrA rgrgrgrCTT-3 0 ). RNA interference of IKK1 and IKK2 expression was obtained using a IKK1 and IKK2 specific siRNA (Upstate, Smartpool). For Beclin 1 (National Center for Biotechnology Information, accession number AF077301) RNA sequences started at position 189 (CUCAGGAGAG GAGCCAUUU) and 1206 (GAUUGAAGACACAGGA GGC) from ATG (siRNA1 and 2, respectively), for Atg5 (BC002699) at position 453 (GCAACUCUGGAUGGGAU UG), for Atg10 (NM_031482) at position 391 (GGAGU UCAUGAGUGCUAUA), and for Atg12 (NM_004707) at position 131 (CAGAGGAACCUGCUGGCGA) . AIF was targeted using two distinct siRNAs (siRNA-AIF1: 5 0 -GAUCCUCCCCGAAUACCUCdTdT-3 0 siRNA-AIF2: 5 0 -CUUGUUCCAGCGAUGGCAUdTdT-3 0 ) (Vahsen et al., 2004) . As a control, we targeted the nuclear envelope protein Emerin, mouse AIF (Vahsen et al., 2004) or used scrambled siRNAs whose knockdown do not induce any known phenotype. Cells were treated 48 h after transfection. PI, Sigma, St-Louis, MO, USA), or with 4 0 ,6-diaminidino-2-phenylindole (5 mg/ml DAPI, Molecular Probes) for 15 min and concomitantly with 40 nM fluorochrome 3,3 0 dihexyloxacarbocyanine iodide DiOC 6 (3) (Molecular Probes, Eugene, OR, USA) for 15 min at 371C or with annexin V-FITC (BD Pharmingen), following the manufacturer's instructions for 15 min at 41C for determination of the mitochondrial transmembrane potential (Dc m ) and phosphatidylserine exposure.
Flow cytometry and assessment of apoptosis
Western blot analysis Cells were washed in phosphate-buffered saline (PBS) and lysed in a buffer containing Tris 0.05 MM pH 7.5, NaCl 5 M, NP40 10%. Fifty micrograms of protein were loaded on a 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose. The membrane was incubated for 1 h in PBS-Tween 20 (0.1%) containing 5% non-fat milk. Primary anti-NF-kB p65 antibody (rabbit polyclonal Ab, Santa Cruz Biotechnology, Santa Cruz, CA, USA) was added and revealed with the appropriate goat anti-mouse peroxidaselabeled secondary Ab (Amersham), and revealed using an enhanced chemiluminescence (ECL) detection system (Amersham). Anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) antibody (mouse monoclonal Ab, Chemicon) was used to control equal loading.
Immunofluorescence
In separate experiments, 10 5 P39 cells were allowed to adhere on polylysin-L coverslips (Sigma) and fixed in 4% paraformaldehyde for 20 min at room temperature. Cells were then permeabilized with SDS 0.1% for 10 min at room temperature, washed in PBS and stained with activated caspase-3 (polyclonal antibody, Cell Signaling Technology) cytochrome c (mouse monoclonal Ab, BD Pharmingen, Heidelberg, Germany), endonuclease G (rabbit polyclonal Ab, Pro-Science, Woburn, MA, USA), AIF (rabbit polyclonal Ab, Chemicon, Temecula, CA, USA), Hsp60 (mouse monoclonal Ab or rabbit polyclonal Ab, Sigma and Stressgen, San Diego, CA, USA, respectively) and revealed either with a goat anti-rabbit and goat anti-mouse IgG coupled with Alexa 568 (red) or Alexa 488 (green) fluorochromes (Molecular Probes). DNA of cells was counterstained either with Topro3 (Molecular Probes) or Hoechst 33342 (Molecular Probes), allowing the discernment of chromatin condensation. Two hundred cells for each slide were examined independently with a LSM 510 confocal microscope (Zeiss, Thornwood, NY, USA) at 63-fold magnification. Background correction of fluorescence was performed with the LSM 5 image browser (Zeiss).
Electron microscopy
Cells were fixed for 1 h at 41C in 1.6% glutaraldehyde in 0.1 M So¨rensen phosphate buffer (pH 7.3), washed, fixed again in aqueous 2% osmium tetroxide and finally embedded in Epon. Electron microscopy was performed with a Zeiss EM 902 transmission electron microscope, at 90 kV, ultrathin sections (80 nM), stained with lead citrate and uranyl acetate.
Abbreviations AIF, apoptosis-inducing factor; AML, acute myeloid leukemia; AnnV, annexin V; Atg, autophagy relevant genes; AV, autophagic vacuole; BAY, BAY11-7082; Casp-3a, activated caspase-3; Cyt. c, cytochrome c; DC m , mitochondrial transmembrane potential; DAPI, 4 0 ,6-diaminidino-2-phenylindole; DiOC 6 (3), 3,3 0 dihexyloxacarbocyanine iodide; EBSS, Earle's balanced salt solution; Endo G, endonuclease G; FACS, fluorescence-activated cell sorter; FCS, fetal calf serum-GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Hsp60, heat shock protein 60; IGF-I, insulin-like growth factor-I; IkB, inhibitor of NF-kB; IKK, IkB kinase; MAIF, mouse AIF; MDS, myelodysplastic syndrome; NF-kB, nuclear factor-kB; PI, propidium iodide; siRNA, small interfering RNA; z-VADfmk, N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone.
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